Abstract. The functions of activin, a member of TGF-ß superfamily, in ovarian clear cell adenocarcinoma remain unsolved, although we recently found that inhibin ßA-subunit, activin A, activin receptor type IA, type IB, type IIA, type IIB, Smad2, Smad3 and Smad4 were localized in tumor cells of the ovarian clear cell adenocarcinoma tissue by immunohistochemistry. In the present study, in order to investigate the role of activin concerning cell growth in ovarian clear cell adenocarcinoma cells, we determined the production of activin A and inhibin A, and the expression of activin receptors and Smads using the human ovarian clear cell adenocarcinoma cell line JHOC-5. Moreover, we examined the effects of activin A on the activation of activin signaling pathway and on the proliferation in JHOC-5 cells. We detected a measurable amount of activin A in the culture medium of JHOC-5 cells, although inhibin A was not detected. The expression of activin receptor type IA, IB, IIA, IIB, Smad2, Smad3 and Smad4 was observed in JHOC-5 cells. Activin A induced a significant increase in proliferation of JHOC-5 cells compared with the untreated control. On the other hand, activin A did not affect the growth of JHOC-5 cells and no statistically significant difference was observed in the presence of follistatin which is a specific binding protein of activin. Phosphorylated Smad2, an activated form of Smad2, was detected both in treated JHOC-5 cells and in untreated cells by activin A. Activin A significantly increased the expression of phosphorylated Smad2 in JHOC-5 cells. Therefore, it is possible that activin has autocrine roles in tumor growth of ovarian clear cell adenocarcinoma cells.
Introduction
Ovarian cancer is the leading cause of death due to gynecological malignancy, even though the diagnostic methods or treatment techniques for cancers have progressed markedly. Ovarian cancer has special factors of its own that are influential in the poor prognosis, such as difficulty of early detection and resistance to chemotherapy. Clear cell adenocarcinoma of the ovary has one of the poorest prognosis of all the histological types of ovarian cancer. The percentage of patients with stage I is significantly higher in patients with clear cell adenocarcinoma than in those with serous adenocarcinoma (1) . However, clear cell adenocarcinoma has a poorer prognosis than serous carcinoma (2) , and the response rate to platinum-based chemotherapy in patients with clear cell adenocarcinoma is significantly lower than that in patients with serous adenocarcinoma (1) . The doubling time for clear cell adenocarcinoma cells is significantly longer than that for serous adenocarcinoma cells (3) . Clinically, several characteristics distinguish clear cell adenocarcinoma from the other histological types of epithelial ovarian carcinoma, including high frequency of associated endometriosis, resistance to chemotherapy and poor prognosis even in early stage of disease.
Activins and inhibins belong to the transforming growth factor (TGF)-ß superfamily (4) and are involved in the regulation of cell growth and differentiation in various kinds of tissues (5, 6) . Activins and inhibins are dimeric glycoproteins which were isolated from ovarian follicular fluid. Activins are composed of two homologous ß-subunits, and three forms, activin A (ßA/ßA), activin B (ßB/ßB), and activin AB (ßA/ßB), have been identified. Inhibins consist of an ·-subunit that is linked to a ß-subunit by disulfides, and two forms, inhibin A (·/ßA) and inhibin B (·/ßB), have been characterized (7) . Activins stimulate the secretion of follicle-stimulating hormone (FSH) from anterior pituitary gland, whereas inhibins inhibit FSH secretion.
Activin and TGF-ß ligands bind to ligand-specific receptors, yet the actions of both growth factors are mediated through the same cytoplasmic signaling components, Smads (8) (9) (10) (11) . Activin initially binds to an activin type II receptor (ActR IIA or ActR IIB) with high affinity and specificity. Following the binding, the complex recruits a second (type I) receptor (ActR IA or ActR IB) to form an activin type I-II receptor complex. This union promotes phosphorylation at serine or threonine of type I receptors which results in the phosphorylation of two possible receptor-regulated cytoplasmic coactivators (R-Smad 2 and R-Smad 3), which then interact with the common Smad (co-Smad 4) (12) (13) (14) (15) . The phosphorylated and activated Smad 2/4 or Smad 3/4 complex translocates to the cell nucleus where they play a prominent role of transcription of activin or TGF-ß responsive genes (14) . Inhibitory Smads (I-Smad 6 and I-Smad 7) block the phosphorylation of R-Smads by preventing their association with the type I receptor in the cell cytoplasm, which results in the inhibition of additional Smad signaling (14, 16) .
The signaling pathway of inhibin is less clearly understood. No specific receptor has been isolated nor specific threonine/ serine kinases identified from genomic searches (17). Lewis et al (18) reported that the association of inhibin with an accessory binding protein (betaglycan, the so-called TGF-ß receptor type III) promoted inhibin binding to ActR II and that the association was a very potent antagonist of activin binding and action.
We previously reported that sex cord stromal tumor might produce inhibin A and inhibin B (19) . Concerning the epithelial tumors, we also reported that inhibin and activin might be secreted by the mucinous adenoma and the cystic tumor with borderline malignancy and that activins might be secreted by the mucinous adenocarcinoma and serous tumors including benign adenoma, cystic tumors with borderline malignancy, and adenocarcinoma (20) . Additionally, we have reported, based on immunohistochemistry, using human materials operatively resected, that the immunostaining with antibodies against the ßA-subunit, activin A, activin receptor type IA, type IB, type IIA, type IIB, Smad2, Smad3 and Smad4, not against the ·-subunit, has been observed in tumor cells of the ovarian clear cell adenocarcinoma (21) . We have also suggested that activin A, not inhibins, might have been produced by ovarian clear cell adenocarcinoma and activin signal transduction system might have existed in ovarian clear cell adenocarcinoma (21) .
Based on the above reports, we hypothesized that activin might be secreted by ovarian clear cell adenocarcinoma and that activin contributed to the proliferation of clear cell adenocarcinoma via activation of its signaling pathway. In the present study, in order to investigate the autocrine role of activin concerning the cell growth in ovarian clear cell adenocarcinoma, we examined the effects of activin A on the activation of activin signaling pathway and on the cell proliferation using the human ovarian clear cell adenocarcinoma cell line JHOC-5.
Materials and methods
Cell line and cell culture. The ovarian clear cell adenocarcinoma cell line JHOC-5 (22) was obtained from Riken BRC Cell Bank (Tsukuba, Japan). Cells were cultured in OPTI-MEM (Gibco-BRL, Gaithersburg, MD) containing 5% fetal calf serum (FCS) (Equitech Bio Inc., Ingram, TX), penicillin (100 U/ml) (Gibco-BRL) and streptomycin (100 μg/ ml) (Gibco-BRL).
Activin A and inhibin A ELISA. JHOC-5 cells were cultured in OPTI-MEM supplemented with 5% FCS for 48 h. Then, the cells were carefully washed with phosphate buffered saline and they were cultured in the medium containing 2% FCS for further 48 h. Finally, culture medium was harvested for enzyme-linked immunosorbent assay (ELISA) analysis. Two-site ELISA kits for activin A and inhibin A were purchased from Serotec (Oxford, UK) and Diagnostic Systems Laboratories, Inc. (Webster, TX), respectively. The assays for activin A and inhibin A were two-site ELISAs based on the use of plates coated with specific monoclonal antibody against a synthetic peptide that correspond to amino acids 82-114 of the ßA-subunit. The Fab fraction of mouse monoclonal antibodies against the synthetic peptide that correspond to amino acids 1-32 of the ß-subunit or 82-114 of the ßA-subunit conjugated to alkaline phosphatase was used for detection in the assays. Assays were carried out according to the protocol indicated by the manufacturer (23, 24) . Coefficients of variations were <7% within plates and <9% between plates for both assays. Before assay, all the samples were heated to 100˚C in the presence of 6% sodium dodecyl sulfate. The assay sensitivity for activin A and inhibin A was 78 and 0.3 pg/ml, respectively.
Flow cytometry. The cells were detached from culture dishes by 3 mM ethylenediaminetetracetic acid (EDTA) in PBS (phosphate buffered saline). Cells were incubated with an excess dose of mouse monoclonal antibodies against activin receptors type IA, type IIB and the goat polyclonal antibodies against activin receptors type IB, type IIA which were purchased from R&D Systems (Minneapolis, MN) for 20 min at 4˚C. Cells were incubated with an excess dose of rabbit polyclonal antibodies against Smad2 and Smad3 (Zymed Laboratories, San Francisco, CA), and the mouse monoclonal antibody against Smad4 (SantaCruz Biotechnology, Santa Cruz, CA) for 30 min at room temperature. For negative controls, mouse IgG, goat IgG and rabbit IgG was used as the primary antibody. Cells were pretreated with 4% paraformaldehyde for fixation and with permeabilization for detecting Smad2, Smad3 and Smad4. They were then washed twice with washing buffer (PBS, 2% fetal calf serum, 0.1% NaN 3 ). After incubation with primary antibodies, samples were incubated with phycoerythrin-conjugated goat anti-mouse IgG antibody (Immunotech, Marseille, France), phycoerythrin-conjugated goat anti-rabbit IgG antibody or phycoerythrin-conjugated rabbit anti-goat IgG antibody (Sigma, St. Louis, MO). Incubation with each secondary antibody was for 20 min at 4˚C when detecting activin receptors, or for 30 min at room temperature when detecting Smads. They were then washed twice with washing buffer. Samples were analyzed with FACSCalibur™ and data were analyzed with CellQuest software (both: Becton Dickinson, Franklin Lakes, NJ).
Western analysis. To study the effects of activin A on phosphorylated Smad2 expression, JHOC-5 cells were cultured in the medium containing 0.2% FCS, and then, 10 or 30 ng/ml activin A was added to the medium after a 24-h culture. Cells were further incubated and the incubation was stopped at 30 and 60 min to be harvested for protein extraction.
JHOC-5 cells treated with activin A for detecting phosphorylated Smad2 and untreated cells for detecting Smad2 and Smad3 were washed 3 times with ice-cold PBS and dissolved in lysis buffer (50 mM Tri-HCl, pH 7.4, 150 mM NaCl, 1 mM ethyleneglycotetraacetic acid (EGTA), 1% Nonidet P-40, 0.25% sodium deoxycholate, 1 mM Na 3 VO 4 , 1 mM NaF, protease inhibitor mix) by incubating for 30 min at 4˚C. Following centrifuging for 5 min at 13000 g, the solubilized supernatants were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) in the presence of 1% ß-mercaptoethanol, using 12.5% gels. Proteins were transferred to polyvinylidene difluoride (PVDF) membrane. Rabbit polyclonal anti-Smad2 and anti-Smad3 antibodies and rabbit polyclonal anti-phospho-Smad2 (Zymed Laboratories) antibody were used to detect protein expression with the Supersignal westdura extended duration system (Pierce, Rockford, IL). Densitometry analysis was done using CS analyzer (ATTO, Tokyo, Japan) and signals were normalized to the ß-actin levels. All the experiments were performed 3 times to verify the results and the data were the mean of each result.
Cell proliferation assay. Cells were seeded into 96-well plate at 3x10 3 per 100 μl in the medium with 5% FCS. After 12 h, cells were incubated in the medium with 0.2% FCS for further 24 h, and then, activin A (0.1, 0.3, 1, 3, 10 and 30 ng/ ml) was added to the plates. In order to determine whether the effect of activin A was modulated by follistatin which is a specific binding protein of activin, JHOC-5 cells were stimulated by activin A also in the presence of follistatin (100 ng/ml). Cells were allowed to grow for 48 h and the number of viable cells was evaluated with the non-RI colorimetric cell counting kit (Dojindo Laboratories, Kumamoto, Japan). The number of viable cells was calculated and expressed as the ratio compared with the mean number of viable untreated cells. All the experiments were performed 4 times to verify the results. Data are represented as the mean ± standard error.
Statistical analysis.
All values are expressed as the means ± standard error. Student's t-test and one way ANOVA were used to assess differences between treated group and untreated control samples. p<0.05 were considered statistically significant.
Results
Ovarian clear cell adenocarcinoma cells secrete activin A in the culture medium. Activin A concentrations in the culture medium of JHOC-5 and in the serum of the patient with ovarian clear cell adenocarcinoma are shown in Fig. 1 . Serial dilution of the culture medium of JHOC-5 and the serum of a menopausal patient with ovarian clear cell adenocarcinoma gave response curves which were parallel to those for the human activin A standard (Fig. 1A) . The activin A concentration in the serum of the postmenopausal patient with ovarian clear cell adenocarcinoma was 1.273 ng/ml (serum 1), which was elevated compared with the postmenopausal controls, serum 2 (0.434 ng/ml) and serum 3 (0.509 ng/ ml) (Fig. 1A) . On the other hand, immunoreactive inhibin A was not detected in the culture medium of JHOC-5 or the serum of the patient with ovarian clear cell adenocarcinoma (Fig. 1B) . expression of activin receptor type IA ( Fig. 2A) , IB (Fig. 2B) , IIA (Fig. 2C) and IIB (Fig. 2D) . Fig. 3 displays the results of flow cytometry determination of Smads in the JHOC-5 cells. We observed the expression of Smad2 (Fig. 3A) , Smad3 (Fig. 3B) and Smad4 (Fig. 3C) . Western analysis was used to confirm the flow cytometry results. The expression of Smad2 and Smad3 was observed in the JHOC-5 cells (Fig. 3D) .
Ovarian clear cell adenocarcinoma cells express activin receptors and Smads.

Activin A increases proliferation of ovarian clear cell adenocarcinoma cells.
In order to assess the effects of activin A on ovarian clear cell adenocarcinoma cells, JHOC-5 cells were examined for proliferation in response to activin A. As shown in Fig. 4, activin A (1, 3, 10 and 30 ng/ml) induced a significant increase in proliferation of JHOC-5 cells compared with the untreated control (p<0.001 with 1, 3 and 10 ng/ml activin A, and p<0.0001 with 30 ng/ml activin A). The maximal increase which was 155% of the control was observed with 30 ng/ml of activin A. On the other hand, activin A did not affect the growth of JHOC-5 cells and no statistically significant difference was observed in the presence of follistatin which is a specific binding protein of activin.
Activin A accelerates phosphorylation of Smad2 in ovarian clear cell adenocarcinoma cells. In order to investigate whether activin A stimulation activated its signaling pathway, we examined the change of the expression levels of phosphorylated Smad2, which is an activated form of Smad2, in response to activn A.
As shown in Fig. 5 , in JHOC-5 cells, phosphorylated Smad2 was detected both in treated cells and in untreated cells by activin A (Fig. 5A and B) . Moreover, activin A significantly increased the expression of phosphorylated Smad2 to 132% of control at 30 min using 10 ng/ml (p<0.05), to 198% of control at 30 min using 30 ng/ml (p<0.01) and to 160% of control at 60 min using 30 ng/ml (p<0.05) (Fig. 5C ). The greater effects were observed in the cells treated with 30 ng/ ml activin A than in those treated with 10 ng/ml, and the maximal effects were observed at 30 min in the cells treated with activin A of each concentration (Fig. 5C) .
Discussion
In the present study, a measurable amount of activin A was detected, by ELISA, in the culture medium of ovarian clear cell adenocarcinoma cell line JHOC-5, although inhibin A was not detected. The present data also showed that the activin A concentration in the serum of the postmenopausal patient 0.3, 1, 3 , 10, 30 ng/ml) with and without follistatin (100 ng/ml), and the cell viability was monitored by the non-RI colorimetric cell counting kit. Data are represented as mean ± standard error. * p<0.001 and ** p<0.0001 versus the control group by ANOVA (n=4). with ovarian clear cell adenocarcinoma was 1.273 ng/ml. Menon et al reported that the mean level of serum activin A of 27 postmenopausal patients with epithelial ovarian cancer was 1.130 ng/ml and that of 54 postmenopausal control was 0.690 ng/ml and that there was a statistically significant difference between the groups (25) . According to this, it seems appropriate to judge that the activin A level in the serum 1 (Fig. 1A) of patients with ovarian clear cell adenocarcinoma was elevated compared with the healthy population. Our present data show that ovarian clear cell adenocarcinoma cells produce activin A, not inhibin A.
We previously reported that sex cord stromal tumors might produce inhibin A and inhibin B (19) . We have reported that inhibin/activin subunits were localized in human ovarian serous and mucinous tumors and that overproduction of activins might promote cell proliferation in ovarian serous and mucinous adenocarcinomas (20) . Welt et al reported that activin A was secreted in cultured human epithelial ovarian cancer (26) . McPherson et al reported that prostate cancer cells produced activin A in the culture medium (27) . It was reported that 72% of the stage III or IV patients with epithelial ovarian cancer had elevated activin A levels in preoperative serum compared with the control and that activin A levels dropped postoperatively and remained at or below the control level in patients in remission (28) .
We demonstrated the expression of activin receptor type IA, IB, IIA, IIB, Smad2, Smad3, and Smad4 in JHOC-5 cells using flow cytometry and Western blotting. These results showed that activin signaling pathway existed in ovarian clear cell adenocarcinoma cells. Ito et al (29) , using cultured ovarian cancer cell lines, reported that ovarian adenocarcinoma cells expressed mRNA of activin receptor type IA, type IIA, type IIB, Smad2 and Smad4. Fuller at al (30) reported the mRNA expression of activin receptor type IA, IB, IIA, IIB in mucinous and serous cystadenocarcinoma. They also demonstrated that activin receptor type IA, type IB and type IIA exhibited wide spread albeit variable expression across tissues with the highest levels in serous tumor, whereas activin receptor type IIB expression was relatively low in the mucinous tumors (30) . In addition, Dunfield et al (31) detected the expression of mRNAs of Smad2, Smad3 and Smad4 in ovarian epithelial cancer cell lines.
The present study revealed that activin A induced a significant increase in proliferation of JHOC-5 cells compared with the untreated control, whereas this stimulatory effect of activin A was completely inhibited by the treatment of follistatin, a specific binding protein of activin. These results indicate that activin may induce proliferation of ovarian clear cell adenocarcinoma.
Several investigators reported the effect of activin on proliferation of various kinds of cancers. Matzuk et al (32) demonstrated that inhibin could act as a novel secreted tumor suppressor protein with specificity for gonadal sex cord stromal tumors by their inhibin deficiency animal study. In addition, Shikone et al (33) demonstrated that activin A could act as an autocrine growth factor that stimulates the proliferation of cell lines derived from the gonadal sctromal tumors of inhibin ·-subunit knockout mice. Di Simone et al found that activin A induced cell proliferation in human ovarian cancer cell lines (34). Choi et al reported that activin A stimulated the growth of ovarian adenocarcinoma cells at concentrations of 1, 10, 100 ng/ml and that treatment with follistatin attenuated the stimulatory effect of activin (35) . Steller et al found that activin A increased the cell proliferation, whereas inhibin A decreased it, in the presence of betaglycan using cultured ovarian cancer cell lines which include clear cell adenocarcinoma (36) .
On the other hand, other investigators recognized activin to be a growth suppressor of various kinds of tumors. In hepatoma cell line, activin induced accumulation of retinoblastoma protein in hypophosphorylated form, reduced expression of cyclin-dependent kinase 4 and increased cyclin-dependent kinase inhibitor (CDKI), p21 WAF1/Cip1 to suppress cell proliferation (37) . Activin significantly inhibited the proliferation of hepatoma cells and increased gene expression of the CDKI, p15
INK4B (38) . In cultured pituitary adenoma cells, activin significantly inhibited cell proliferation (39) . Activin A inhibited breast cancer cellular proliferation (40) .
This study showed that phosphorylated Smad2 was expressed both in treated cells and in untreated cells by activin A, and activin A significantly increased the expression of phosphorylated Smad2. The data suggest that activin accelerates activation of its signaling pathway to induce cell proliferation in ovarian clear cell adenocarcinoma. Burdette et al reported that activin A increased the expression of phosphorylated Smad2 and phosphorylated Smad3 in breast cancer cells (40) .
In summary, we observed that ovarian clear cell adenocarcinoma cells produced activin A, not inhibin A, and that they expressed activin receptor type IA, IB, IIA, IIB, Smad2, Smad3, and Smad4. Moreover, our data showed that activin A accelerated phosphorylation of Smad2 to induce proliferation in ovarian clear cell adenocarcinoma cells. Therefore, it is possible that activin has autocrine roles in the tumor growth of ovarian clear cell adenocarcinoma.
